I. INTRODUCTION

Since its discovery in 2004,
1 graphene has received enormous attention due to its superior mechanical, optical, electronic, and magnetic properties.
2 Recently graphene has also been employed as electrode material for molecular electronic devices. [3] [4] [5] [6] [7] [8] Compared with conventional gold and platinum electrodes, graphene has many advantages. First, its sp 2 covalent C-C bond-structure provides mechanical stability up to temperatures much higher than room temperature. Second, its thickness down to the atomic scale reduces the screening of an applied gate field and thus enhances the gate coupling. More importantly, individual molecules can bind to the graphene electrodes not only through covalent functional groups like amide group but also via π-π stacking interactions of poly-aromatic hydrocarbons (PAHs). In contrast to covalent bonds with a specific bond length and bond angle, π-π stacking interactions are rather fragile. Thus, the requirements for the shape and size of the nanogap between the two graphene electrodes are not too strict.
Although Prins et al., have demonstrated the possibility of fabricating molecular electronic devices at room temperature by depositing molecules with anthracene anchoring groups a) Author to whom correspondence should be addressed. Electronic mail:
smhou@pku.edu.cn onto electro-burned few-layer graphene nanogaps, 3 the lowbias conductance measured in their devices is very small. In order to improve the device performance, it is highly desirable to investigate the electronic transport mechanism of such molecular devices, especially the electronic efficiency and thermal stability of the graphene-PAH contacts. 9 Here, we address these issues by employing the non-equilibrium Green's function formalism combined with density functional theory (i.e., the NEGF + DFT approach). [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] The electronic transport properties of a molecular device are dominated by the quantum nature of the central molecule, the band structure of the electrodes, and the electronic coupling at the molecule-electrode interfaces. In order to focus on the graphene-PAH contacts, we choose a six-carbon (C 6 ) alkyne chain with alternating single and triple bonds as the central molecule. Our calculations show that the binding energies of PAH molecules adsorbed in the interior and at the edge of graphene electrodes get larger as the number of carbon and hydrogen atoms contained in the PAH molecule increases. Furthermore, the electronic efficiency of the graphene-PAH contacts is dominated by the energy gap between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) of the corresponding PAH anchoring groups. Thus, graphene-PAH contacts with high binding energy and high electronic efficiency can be realized by choosing PAH molecules with a large area and a small HOMO-LUMO gap.
II. CALCULATION METHOD
Because the π-π stacking interaction is a long-range noncovalent interaction, for geometry optimizations we adopt van der Waals density functional (vdW-DF) implemented in the SIESTA package. 20, 21 Although this vdW-DF slightly overestimates covalent bonds, 22 it shows good performances when describing the interlayer distance and the binding energy, 23 both playing a critical role in molecular devices constructed through π-π interactions. In SIESTA, atomic cores are described by improved Troullier-Martins pseudopotentials, and the wave functions of the valence electrons are expanded in terms of a finite-range numerical orbital basis set. 24, 25 In this work, a double-zeta plus polarization (DZP) basis set is used for H, C, and N. Geometry optimization is performed by standard conjugate gradient relaxation until the atomic forces are smaller than 0.03 eV Å −1 . In order to model isolated PAH molecules adsorbed on the two-dimensional graphene sheets, the vacuum layer between the neighboring cells is always larger than 16 Å and the distance between the PAH molecules and their periodic images is larger than 10 Å.
The electronic transport properties of molecular devices incorporating graphene electrodes are calculated using the SMEAGOL package, which is a practical implementation of the NEGF + DFT approach and employs SIESTA as its DFT platform. [17] [18] [19] Since it has been shown that the electronic structures obtained with the vdW-DF are essentially the same as those computed with the Perdew-Burke-Ernzerhof (PBE) general gradient approximation (GGA) functional, 26, 27 the PBE GGA functional is used for the transport calculations to improve computational efficiency. We use an equivalent cutoff of 200 Ry for the real space grid. The charge density is integrated over 32 energy points along the semi-circle, 32 along the line in the complex plane, while 32 poles are used for the Fermi function (the electronic temperature is 25 meV). Here, the transport is assumed to be along the z-axis and the graphene electrodes are placed in the x-z plane. We always consider periodic boundary condition along the x-axis, so that the graphene electrodes are infinite. The unit cell of the extended molecule comprises the C 6 alkyne chain, two PAH anchoring groups and two graphene electrodes. Each graphene electrode is terminated in a zigzag configuration passivated by hydrogen atoms and has 4-6 principal layers, where each principal layer has 28 carbon atoms in total. The total transmission coefficient T(E) of the junction is evaluated as
where Ω 1DBZ is the length of the one-dimensional Brillouin zone (1DBZ) along the x-axis. The k-dependent transmission coefficient T( ⃗ k; E) is obtained as
where G R M is the retarded Green's function matrix of the extended molecule and Γ L (Γ R ) is the broadening function matrix describing the interaction of the extended molecule with the left-hand (right-hand) side electrode. Here, we calculate the transmission coefficient by sampling 4 k-points in the transverse 1DBZ.
III. RESULTS AND DISCUSSION
A. Linear polyacenes as the anchoring group
The strength of the π-π interaction between a planar PAH anchoring group and the graphene electrode is the prerequisite to fabricating stable molecular devices. We first investigate the adsorption geometry and the binding energy of several typical PAH molecules on the graphene electrode. The simplest PAHs are polyacenes made up of linearly fused benzene rings. We choose benzene, naphthalene, anthracene, tetracene, and pentacene as the representatives of polyacenes. When these polyacenes adsorb on the surface of an infinite graphene layer, the AB stacking is always the most stable structure. This is consistent with previous results.
28 -30 The binding energies (E bind ) computed by taking into account basis set superposition error (BSSE) corrections are, respectively, 0.45 eV (benzene), 0.73 eV (naphthalene), 0.98 eV (anthracene), 1.23 eV (tetracene), and 1.48 eV (pentacene), thus forming approximately an arithmetic progression with common difference of 0.25 eV. This is verified by the binding energy of an infinite one-dimensional polyacene adsorbed on graphene, which is determined to be 0.25 eV per unit cell. Thus, the binding energies of polyacenes on the graphene surface increase linearly following the increase of the number of fused benzene rings. This is further illustrated by plotting the binding energies per carbon atom as a function of the ratio of hydrogen to carbon in these polyacenes (Fig. 1 ). The blue line shows a fit to the formula E bind = N C E CC + N H (E CH − E CC ) with parameters E CC = 51.8 meV and E CH = 76.4 meV, in which N C and N H are, respectively, the number of carbon atoms and the number of hydrogen atoms in each polyacene molecule. 28 The obtained values of the two parameters E CC and E CH , which are, respectively, the fitted energy per graphenelike carbon and that per benzene-like carbon and its associated hydrogen atom, are in good agreement with the values of 49.2 meV and 80.1 meV reported in Ref. 28 . The small difference may originate from the fact that in our simulations, the molecules are allowed to distort whereas the molecules are constrained to remain planar in Ref. 28 . Furthermore, the distances between the molecular plane and the graphene FIG. 1. Binding energy per carbon atom for PAH molecules adsorbed on graphene with the AB stacking configuration; molecular structures of the linear and angular PAH molecules investigated here are also given.
surface are optimized to be in a narrow range between 3.41 Å and 3.44 Å except for benzene (3.32 Å).
In real molecular devices, the anchoring groups may bind at the edge of the graphene electrodes. So it is important to know the difference between the adsorption energy of polyacenes in the interior of graphene and that at an edge. For simplicity, here we only investigate the adsorption of benzene, naphthalene, and anthracene at the defect-free zigzag edge of graphene, where the dangling bonds are passivated with hydrogen atoms. The AB stacking is still the most stable binding configuration, and the binding energies are, respectively, 0.41 eV (benzene), 0.63 eV (naphthalene), and 0.85 eV (anthracene), slightly smaller than the corresponding values calculated for the adsorption in the interior of graphene.
Then, we investigate the electronic transport properties of molecular devices using graphene-polyacene contacts. Fig. 2(a) shows a junction model in which two anthracene molecules are used to attach the C 6 alkyne chain to two semi-infinite graphene electrodes with H-passivated zigzag edges. The equilibrium transmission spectra for devices using benzene, naphthalene, and anthracene anchoring groups are, respectively, given in Figures 2(b)-2(d). As we can see, the transmission coefficients around the Fermi level, E F , are always very small, though some transmission peaks approaching unity appear far from the Fermi level. Correspondingly, the electric current at low bias is very small. By observing the zoom-in insets in Figures 2(b)-2(d), we can find that the lowtransmission region around E F becomes narrower as the number of fused benzene rings in the anchoring groups increases.
A deeper understanding can be obtained by projecting the density of states (DOS) and the transmission onto the frontier molecular orbitals of the entire molecule including the two anchoring groups and the C 6 alkyne chain. 31 Taking anthracene as an example (Fig. 3) , the first transmission peaks below and above the Fermi level are dominated by the HOMO and LUMO of the entire molecule, respectively. As shown in the isosurfaces of Fig. 3(c) , the HOMO (LUMO) of the entire molecule is formed by the HOMO (LUMO) of the two anchoring groups and the 2p y orbitals of the carbon atoms in the alkyne chain. When the anchoring groups change from benzene through naphthalene to anthracene, the HOMOdominated peak shifts upward and the LUMO-dominated one shifts downward in energy. Thus, in order to investigate the limits of the positions of the HOMO-and LUMO-dominated transmission peaks, we construct a junction model with two infinite one-dimensional polyacenes as the anchoring groups. In this case, the two transmission peaks closest to the Fermi level are shifted to −0.27 eV and 0.23 eV, respectively. However, the transmission between these two peaks remains very small though the DOS of the infinite one-dimensional polyacene is continuous around the Fermi level (Fig. S1 in the  supplementary material) . 32 Since alkyne chains have a high conductance [33] [34] [35] [36] [37] and considering that perfect graphene is a zero-gap semiconductor, the low transmission near the Fermi   FIG. 2 . Schematic diagram (a) of the atomic structure of the junction with one C 6 alkyne chain connected to two semi-infinite graphene electrodes through two anthracene anchoring groups; the equilibrium transmission spectra of symmetric molecular junctions with one C 6 alkyne chain connected to two graphene electrodes through benzene (b), naphthalene (c), anthracene (d), and infinite polyacene (e). The insets show the zoom-in transmission spectra around the Fermi level and the connecting site of the C 6 alkyne chain to the polyacene molecules. level must originate from the band structure of the graphene electrodes and/or the electronic coupling at the graphenepolyacene contacts.
In order to distinguish the role played by the graphene electrode and the graphene-polyacene contacts, we replace perfect graphene with N-doped graphene, since defects and dopants shift the graphene Fermi level, thus increasing the DOS. It has been proved that graphene with substitutional nitrogen dopants is an n-type conductor. 38 When the dopant concentration is chosen to be 1/28 (one C atom over 28 is replaced by N), the N-doped graphene has a finite DOS around E F and the Dirac point is shifted down to −0.84 eV (Fig. S2  in the supplementary material) . 32 We have calculated the lowbias conductance of the C 6 alkyne chain connected directly to two semi-infinite N-doped graphene electrodes and found that the transmission coefficient at E F reaches 0.6, while the low transmission region moves to about −0.8 eV (Fig. S3 in  the supplementary material) . 32 Therefore, N-doped graphene can provide enough conducting channels around the Fermi level, and the graphene-polyacene contacts will dominate the electronic transport properties of molecular junctions in which the C 6 alkyne chain is connected to N-doped graphene electrodes through polyacene anchoring groups.
Nitrogen dopants affect only slightly the adsorption of polyacenes in the interior or at the edge of graphene. Taking anthracene as an example, both the inter-planar distance and the binding energy are very close to those calculated for clean graphene, at least as long as the bonding sites are far away from a nitrogen atom. Even when the anthracene molecule is directly above a nitrogen atom, the inter-planar distance is only decreased by 0.03 Å and the binding energy is increased by 0.03 eV. Fig. 4(a) presents the device model for N-doped graphene electrodes, in which the two anthracene groups are located far away from the nitrogen dopants in order to minimize their effects on the binding configuration. The equilibrium transmission spectra with naphthalene, anthracene, pentacene, and an infinite polyacene as the anchoring groups are, respectively, given in Figures 4(b)-4(e) . As the number of fused benzene rings increases, the transmission coefficient around the Fermi level increases substantially; for pentacene, T(E F ) reaches 10 −3 . This is comparable to the measured lowbias conductances of (8.1 ± 0.9) ×10 −4 G 0 for the C 4 alkyne chain and of (2.0 ± 0.6) ×10 −4 G 0 for C 8 connected to two gold electrodes through the anchor dihydrobenzo[b]thiophene. 39 When two infinite one-dimensional polyacenes are used as the anchoring groups, the transmission coefficient calculated at 0.02 eV above E F is 0.3, illustrating that high electronic transfer efficiency can be achieved for the graphene-polyacene contacts when the polyacene anchoring group is long enough. It should be noted that in these junction models, the polyacene anchoring groups are assumed to bind above the zigzag edges of the graphene electrodes and thus the edge state and spin polarization at the zigzag edge will affect the junction transport properties. 40, 41 For example, the transmission peaks appearing at about −57 meV below the Fermi level shown in Figures 4(b)-4(d) are mainly contributed by the edge state at the zigzag edge. This can be seen clearly from the local density of states (LDOS) of the carbon atoms at the zigzag edge (see Fig. S4 in the supplementary material) . 32 Spin polarization also modifies the junction transmission spectrum slightly (see Fig. S5 in the supplementary material) . 32 However, in practice, it is extremely difficult to control the atomic structures of graphene edges in experiments, 42 and both armchair and chiral edges with chiral angle larger than a critical value do not show spin polarization. 43 Furthermore, the effects arising from the graphene edge on the junction transmission reduce when the polyacenes bind to the graphene electrodes away from their edges. Therefore, we have not investigated the effects of the zigzag edges in more details.
B. Angular PAHs as the anchoring group
Although increasing the number of fused benzene rings in the polyacene anchoring group can enhance the electronic efficiency at the graphene-polyacene contact, polyacenes longer than pentacene become unstable in air. 44 Therefore, we investigate the effects of the detailed molecular configuration on the transport properties of graphene-PAH contacts. Here, FIG. 4 . Schematic diagram (a) of the atomic structure of a junction comprising one C 6 alkyne chain connected to two N-doped graphene electrodes through two anthracene anchoring groups, the blue dots represent nitrogen dopants; the equilibrium transmission spectra of symmetric molecular junctions constructed with one C 6 alkyne chain connected to N-doped graphene electrodes through naphthalene (b), anthracene (c), pentacene (d), and infinite polyacene (e). The insets show the zoom-in transmission spectra around the Fermi level and the connecting site of the C 6 alkyne chain to the polyacene molecules.
we choose phenanthrene, chrysene, benz[a]anthrene, and benzo[a]pyrene as prototypes in which the benzene rings are fused so to produce angular molecules, in contrast to polyacenes, where benzene rings are fused in a linear way. When these four angular PAH molecules adsorb on the graphene surface in a AB stacking manner, the average interplanar distances are between 3.41 Å and 3.42 Å. The binding energies obtained by including BSSE corrections are, respectively, 0.97 eV (phenanthrene), 1.22 eV (chrysene), 1.23 eV (benz[a]anthrene), and 1.32 eV (benzo[a]pyrene), i.e., they do increase monotonically as the molecule gets larger. When comparing with linear polyacenes, we find that the molecular configuration has only a minor influence on the binding energies of linear and angular PAH molecules. For example, chrysene, benz[a]anthrene, and tetracene are isomers, and the difference of their calculated binding energies is less than 0.01 eV. Similarly to the cases of polyacenes, nitrogen dopants only affect slightly the adsorption properties of angular PAH molecules in the interior or at the edge of graphene. Therefore, as the number of carbon and hydrogen atoms in PAHs increases, the binding energies in the AB stacking manner always increase while the inter-planar distance remains constant. In conclusion, as long as a PAH anchoring group is large enough, it can form a high-binding contact with graphene. Now we investigate the electronic transport properties of the C 6 alkyne chain connected to N-doped graphene through angular PAH anchoring groups. As it can be seen from the calculated equilibrium transmission spectra (Figures Similarly to the case of polyacene, around the Fermi level the transmission of the junctions constructed with angular PAH anchoring groups is also dominated by the HOMO and LUMO of the entire molecule. Because the HOMO (LUMO) of the entire molecule is formed by the HOMO (LUMO) of the two anchoring groups and the 2p y atomic orbitals of the alkyne chain and it is thus delocalized along the entire molecule, we calculate the HOMO-LUMO gap of these linear and angular PAH molecules. As listed in Table I , the HOMO-LUMO gap of polyacenes decreases monotonically as the number of fused benzene rings increases. In contrast, the dependence of the HOMO-LUMO gap of angular PAH molecules on their constitution and configuration is more complex. Although the general trend that the HOMO-LUMO gap decreases as the conjugation increases is still correct for angular PAH molecules with similar atomic structure, the HOMO-LUMO gap of angular PAH molecules with different atomic structures depends on their specific configuration. If we compare the equilibrium transmission spectra shown in Figs. 4 and 5, we will find that the low-bias conductance of the junction is directly related to the HOMO-LUMO gap of the corresponding PAH anchoring groups: the smaller is the HOMO-LUMO gap, the larger is T(E F ), and the higher is the electronic efficiency of the graphene-PAH contacts. As a result, among the linear and angular PAH molecules investigated here pentacene is the best candidate for connecting the targeted molecule to the two graphene electrodes due to its large binding energy (1.48 eV) and small HOMO-LUMO gap (1.11 eV). If one wants to further improve the binding energy and electronic efficiency of the graphene-PAH contacts, other angular PAH molecules with a larger size and a smaller HOMO-LUMO gap than those of pentacene should be selected.
IV. CONCLUSION
We have investigated the electronic transfer efficiency and the binding energy of graphene-PAH contacts using the NEGF + DFT approach, and found that AB stacking is always the most stable binding geometry for both linear and angular PAH molecules and that the binding energy increases monotonically following the increase of the number of carbon and hydrogen atoms in PAHs. The overall binding energies of PAH molecules larger than anthracene are more than 1.0 eV and thus they can be used to connect the selected central molecule to the graphene electrodes forming molecular junctions. As demonstrated by our electronic transport calculations for symmetric graphene-PAH-C 6 -PAH-graphene molecular junctions, the electronic efficiency of the graphene-PAH contacts is directly related to the HOMO-LUMO gap of the PAH anchoring groups. PAH anchoring groups with smaller HOMO-LUMO gap result in graphene-PAH contacts with higher electronic efficiency. Furthermore, the HOMO-LUMO gap of linear polyacenes decreases as the number of fused benzene rings increases. Although the HOMO-LUMO gap of angular PAHs depends on their specific configurations, PAH molecules with similar atomic structures do show a decreasing trend in their HOMO-LUMO gap following the increase of the number of fused benzene rings. Therefore, graphene-molecule-graphene junctions with high-binding and high-conducting graphene-PAH contacts can be constructed by choosing appropriate PAH anchoring groups with a large area and a small HOMO-LUMO gap. These findings will help the design of molecular devices with graphene electrodes. It should be noted that the energy barrier for these PAH molecules to displace from the AB stacking configuration is comparable with the thermal energy K B T at room temperature (0.025 eV). Thus, these PAH molecules are mobile over the graphene surface at room temperature. 45 PAH-graphene contacts with high thermal stability may be fabricated by attaching suitable side groups onto the PAH molecules, an aspect requiring further investigations in the future.
